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I n t r o d u c t i o n  

Coal hydrogenat ion heavy o i l  cons i s t s  o f  numerous compl icated hydrocarbons 
and nonhydrocarbon compounds, consequently the  e l u c i d a t i o n  o f  t he  chemical 
s t r u c t u r e  i s  ext remely compl icated and t ime  consuming. Thus, the chemical s t ruc -  
t u r e  o f  coa l  l i q u i d s  have been i n v e s t i g a t e d  main ly  t o  the present  by means o f  
'H- and I 3 C - N M R  techniques o r  a combination thereof .  I n  o t h e r  words the techn i -  
que o f  mass spect rometry  f o r  s t r u c t u r a l  analyses i s  advantageous t o  ga in  i n f o r -  
mation o f  t h e  i n d i v i d u a l  compounds rega rd ing  molecular  weight  and compound types 
[1,2]. A combinat ion o f  dual-packed adso rp t i on  l i q u i d  chromatography (LC) and 
gel  permeation chromatography (GPC) developed by the  Bureau o f  Mines A P I  p r o j e c t  
60 [3] f o r  separa t i on  i n t o  compound types and f u r t h e r  i n t o  t h e i r  molecular  s i z e  
a r e  approp r ia te  t o  the sample p repara t i on  procedure f o r  mass analyses, because 
molecular ion coeff icient were assumed t o  be approximately the  same f o r  LC-GPC sub- 
f r a c t i o n  inasmuch as they have c h a r a c t e r i s t i c  compound types and narrow molecular  
weight  d i s t r i b u t i o n .  On t h e  o t h e r  hand, r e s u l t s  o f  GPC technique which i s  a 
very u s e f u l  method t o  c l a r i f y  complicated mixtures o f  heavy o i l  de r i ved  from 
coal ,  was compared t o  t h e  mass r e s u l t s .  I t  can be concluded t h a t  bo th  r e s u l t s  
from mass and GPC analyses should be used independently t o  e l u c i d a t e  the  chemical 
s t r u c t u r e  o f  coal  l i q u i d s .  

Experimental 

Sample p r e p a r a t i o n  o f  heavy o i l  
Hydrogenation r e a c t i o n  o f  Hiawatha, Utah coal  (C: 72.0, H: 5.6, N :  1.7, S: 

0.90, 0: 19.8, d .a. f .%) was performed w i t h  the  c o n d i t i o n  o f  950'F o f  r e a c t i o n  
temperature and 1800 p s i  o f  hydrogen pressure w i t h  ZnC12 impregnated t o  coal as 
c a t a l y s t  by an en t ra ined - f l ow  t u b u l a r  c o i l  r e a c t o r  o f  t h e  U n i v e r s i t y  o f  Utah 
process [4]. The r e a c t i o n  products were t rapped i n  th ree  r e s e r v o i r s  connected 
t o  the r e a c t o r  i n  s e r i e s  and was separated accord ing t o  t h e i r  condensab i l i t y .  
Heavy o i l  products  c o l l e c t e d  i n  the  f i r s t  r e s e r v o i r  nea res t  t o  the r e a c t e r  was 
subjected t o  i n v e s t i g a t i o n  i n  t h i s  work. Separat ion procedures t o  c h a r a c t e r i s t i c  
ma te r ia l s  p r i o r  t o  ga in ing  acid-base-less n e u t r a l  compounds were descr ibed i n  our  
prev ious r e p o r t s  [SI and a l s o  shown i n  F ig.  1. Neu t ra l  heavy o i l  obta ined was 
separated subsequently i n t o  compound types o f  sa tu ra ted  hydrocarbons (Fr-P), mono- 
aromatic (Fr-M), d ia romat i c  (Fr-D), t h ree  and more l a r g e  aromat ic  r i n g s  (Fr-T)  
and po lya romat i c -po la r  compounds by means o f  dual-packed s i l i c a  alumina adsorp- 
t i o n  l i q u i d  chromatography mod i f i ed  p a r t i a l l y  the Bureau o f  Mines API-63 method, 
w i t h  an a d d i t i o n a l  s o l v e n t  o f  70% benzene-30% cyclohexane system t o  o b t a i n  sepa- 
r a t e l y  a narrow c u t  o f  concentrate o f  3 and 4 aromatic r i n g  compounds. E l u t i o n  
curve o f  l i q u i d  chromatography are shown i n  F ig .  2. 
Fr-M, D and T were separated f u r t h e r  by GPC packed Bio-beads 3 4 4  and 8 according 
t o  t h e i r  r e s p e c t i v e  molecular  s i z e  i n t o  7 f r a c t i o n s .  
f o r  Fr-M, D and T were shown. 

of each s e r i e s  o f  GPC s u b f r a c t i o n  f o r  Fr-M, D and T were analyzed w i t h  t h e  low 
r e s o l u t i o n  and low i o n i z a t i o n  vo l tage  method by GC-MS technique f o r  Fr-M-3 t o  7 
and Fr-8-3 t o  7 and by d i r e c t  i n s e r t  technique f o r  h igh  mo lecu la r  f r a c t i o n  o f  

Respective t ype  compounds 

I n  F ig.  3, GPC e l u t i o n  curves 

Mass spec t ra  were meas'ured by H i  t a c h i  M-52 GC-MS spectrometer. Mass spect ra 

178 

I 

I 



179 

Fr-14-1, 2, Fr-D-1, 2 and Fr-T-1 t o  7, r e s p e c t i v e l y .  

Mass spectrometry was scanned r e p e a t l y  w i t h  6 o r  10 sec. i n t e r v a l  t imes du r -  
i n g  the pe r iod  o f  e l u t i o n  from GC column o r  v o l a t i l i z a t i o n  o f  samples i n t roduced  
i n t o  the  i o n i z a t i o n  chamber and m u l t i p l e  mass spec t ra  o f  about 50 t o  BOO f o r  
respec t i ve  LC-GPC s u b f r a c t i o n  were measured t o  o b t a i n  the rep resen ta t i ve  gross 
mass spec t ra l  data f o r  compl icated mixtures.  Numerous mass spec t ra  were t r e a t e d  
by computer (H i tach i ,  HITAC 10 11) f o r  t h e  summing up o f  these spec t ra  t o  ca lcu-  
l a t e  them as an i n t e g r a t e d  mass spect ra.  

Resul ts  and Discuss ion 

Each s e r i e s  o f  LC-GPC sub f rac t i ons  were i n v e s t i g a t e d  p rev ious l y  f o r  chemical 
c h a r a c t e r i z a t i o n  by 'H- and 13C-NMR method [6,7] and were e l u c i d a t e d  t o  have 
approx imat ly  mono-, d i -  and tri- and/or  te t raa romat i c  d e r i v a t i v e s  f o r  Fr-M,  D and 
T, respec t i ve l y ,  as the  average s t r u c t u r a l  u n i t .  I t  was a l s o  conf i rmed t h a t  
values o f  a r o m a t i c i t y  f o r  GPC sub f rac t i ons  o f  i n d i v i d u a l  compound types i nc rease  
g radua l l y  w i t h  the i nc reas ing  GPC f r a c t i o n  number from 1 t o  7 and have a l s o  t h e  
l a r g e s t  f a  values f o r  F r - T  and t h e  smb l les t  one f o r  Fr-M a t  t h e  same e l u t i o n  volume 
c f  GPC. From t h e  r e s u l t s  descr ibed above, t he  separa t i on  e f fec ts  o f  LC and GPC 
accord ing t o  compound types and molecular  s i z e  were assumed t o  be e x c e l l e n t .  
Consider ing these c h a r a c t e r i s t i c s  f o r  chemical s t r u c t u r e ,  LC-GPC s u b f r a c t i o n  a r e  
found t o  be s u i t a b l e  as samples f o r  mass analyses because t h e  molecular  i o n  coe f -  
f i c i e n t  i s  n o t  so l a r g e  i n  d i f f e r e n c e  among r e s p e c t i v e  compounds i n  the  same 
f r a c t i o n .  

I n t e g r a l  mass spect ra o f  LC-GPC s u b f r a c t i o n  
On the  measurement o f  mass spect ra by means o f  t h e  low energy i o n i z a t i o n  

method, species o f  i o n  peaks observed were most ly  pa ren t  i o n  and i s o t o p i c  i o n  
(P+l )  and were minor f o r  fragment peaks l i k e  ( P - l ) ,  i n d i c a t i n g  t h a t  t he  cleavege 
o f  molecules a r e  minor. Although, Fr-D-1 and Fr-T-1 which a re  t h e  h i g h e s t  mo- 
l e c u l a r  weight  i n  t h a t  they have l a r g e  a l i p h a t i c  s u b s t i t u t i o n ,  were observed i n  
the  predominant fragment peak o f  odd mass number a t  l ower  mass range, t h e r e f o r e  
the  data o f  these f r a c t i o n s  were n o t  inc luded i n  t h i s  r e p o r t .  On the  i n t e g r a l  
mass spect ra o f  se r ies  o f  LC-GPC sub f rac t i on ,  the average number molecular  we igh t  
were c a l c u l a t e d  from the  mass t o  charge r a t i o s  (M/e) f o r  respec t i ve  pa ren t  peaks 
and those i n t e n s i t i e s ,  and a r e  shown i n  F ig .  4. 
o f  GPC f o r  each compound type se r ies ,  the molecular  we igh t  d imin ishes progress ive-  
l y  from about 400 o r  500 t o  230 i n  p rov ing  the  s a t i s f a c t o r y  f r a c t i o n a t i o n  o f  GPC. 
I n  Fig. 4, molecular  weight  r e s u l t s  de r i ved  f rom vapor pressure osmometry were 
compared w i t h  the  r e s u l t s  o f  mass analyses t o  ensure t h e  accuracy o f  convent ional  
methods. 
f rom the t h e o r e t i c a l  l i n e  w i t h  t h e  increase i n  molecular  weight .  

Compound types o f  LC-GPC s u b f r a c t i o n  

t ype  o f  compound by ass ign ing  t h e  va lue of z number. 
c o e f f i c i e n t s  a re  approx imate ly  s i m i l a r ,  t h e  contents  o f  respec t i ve  t ype  compound 
f o r  GPC f r a c t i o n  1 o r  2 t o  7 o f  Fr-M, D and T were est imated s e m i q u a n t i t a t i v e l y .  
Consequently, hydrocarbon tyeps f o r  Fr-M-1 t o  7 were assigned ma in l y  t o  a l k y l -  
benzenes (2=-6) ,  a1 kylmononaphthenobenzenes (Z=-B) and a1 k y l  dinaphthenobenzenes 
(Z=-lO) and f o r  Fr-D-2 t o  7 t o  a1 kylnaphthalenes (2=-12), a1 kylmonomaphthenonaphth- 
lenes (Z=-14) and alkyldinaphthenonaphthalenes (Z=-16) and f o r  Fr-T-2 t o  7 t o  a l k y l -  
phenanthrene o r  a1 ky lanthracene (Z=-18), a l ky lpy rene  (Z=-22), a l ky l c rysene  (Z=-24) 
and these naphthenologs (2=-20, -26). D i s t r i b u t i o n  o f  var ious compound types f o r  
Fr-M, D and T i n  summing the  contents  o f  respec t i ve  GPC sub f rac t i on  1 t o  7 were 
shown i n  F ig .  5. 

A l k y l  carbon d i s t r i b u t i o n  

f r a c t i o n  were se lec ted  t o  o b t a i n  the d i s t r i b u t i o n  o f  a l k y l  carbon i n  r e s p e c t i v e  
hydrocarbon types. I n  F ig .  6, t h e  con ten t  d i s t r i b u t i o n  o f  mo lecu la r  we igh t  o r  
a l k y l  carbon number on the  same Z values were p l o t t e d  f o r  Fr-M, D and T se r ies .  

By i nc reas ing  t h e  f r a c t i o n  numbers 

The c o r r e l a t i o n  between both a r e  e x c e l l e n t  except f o r  a s l i g h t  d e v i a t i o n  

De f i c iency  o f  hydrogen number f o r  M/e o f  pa ren t  peak can be p red ic ted  t h e  
Assuming t h a t  molecular  i o n  

The same 2 values i n  the  i n t e g r a t e d  mass spect ra f o r  i n d i v i d u a l  LC-GPC sub- 



These ranges of a lkyl  carbon numbers move progressively from low to  higher ones 
w i t h  5 t o  10 carbon extents i n  proceeding to GPC f rac t ion  7 t o  1 fo r  respective 
hydrocarbon types. Therefore, separabi l i ty  of GPC f o r  various hydrocarbon types 

be seen tha t  Fr-M cons is t s  of la rger  alkyl carbon subs t i tu t ion  which reaches 35 
carbons fo r  Z=-6 s e r i e s ,  indicating a lower aromaticity and decreasing of Z values 
which indicates an increase of naphthene r ing ,  d i s t r ibu t ion  of alkyl carbon de- 
crease. On the o the r  hand, alkyl carbon number of Fr-T have a range of 0 t o  10 
indicating a lower aromaticity which i s  i n  agreement w i t h  the r e su l t s  from ' H - N M R  
s t ruc tura l  analyses. 

GPC correlation f o r  molecular weight vs e lu t ion  volume 
To predict  the molecular weight d i s t r ibu t ion  and chemical s t ruc ture  from 

the GPC elution curve, the GPC correlation curve between molecular weight and 
elution volume fo r  corresponding s t ruc tura l  compounds a re  necessary. However, 
i t  was very d i f f i c u l t  t o  gain information of these re la t ions  because the supply 
of reference sample were l imited.  I f  the coal l iqu id  i t s e l f  can be used a s  a 
reference compound fo r  ca l ibra t ion ,  useful GPC cor re la t ion  of various compound type 
can be obtained. 
carbon number fo r  each GPC f rac t ion  on respective Z s e r i e s  shown in F i g .  6 were 
compared with e lu t ion  volume f o r  corresponding f rac t ion .  
the two were shown in Fig. 7 .  The re la t ionship  between the two fo r  respective 
Z values on Fr-M, D and T a r e  in f a i r  as GPC correlations.  
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was confirmed fur ther  by mass analyses as to be divided sa t i s f ac to r i ly  according 
to  molecular sized espec ia l ly  by alkyl carbon number on these samples. I t  can 

/ 

Molecular weight a t  maximum dis t r ibu t ion  by difference of alkyl 

The cor re la t ion  between 

Molecular weight d i s t r ibu t ion  f o r  whole samples of Fr-M, D and T were con- 
structed by summation of peak in t ens i t i e s  fo r  parent peak belonging t o  the same 
Z se r ies  corresponding t o  a l l  GPC f rac t ions ,  and were shown with the so l id  l ines  
in Fig. 8.  On the o ther  hand, GPC e lu t ion  curves fo r  Fr-M, D and T were c i ted  
again in the same f igure  fo r  comparison. T h e  resu l t s  from mass analyses fo r  Fr- 
D and T do not include the data of Fr-D-1 and Fr-T-1 because of uncertain resu l t s  
of mass analyses f o r  these as described previously, therefor a s l i g h t  discrepancy 
were recJgnized i n  the v i c in i ty  of high molecular range. Although, considerable 
agreement between both derived from d i f f e ren t  methods a re  sa t i s fac tory .  
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Fig.  3 GPC chromatogram o f  Fr-M, 
Fr-D, Fr-T and Fr-PP 

Fig. 4 Molecular  weight  r e s u l t s  from 
VPO and Mass spect rometry  

-2 

Fig .  5 D i s t r i b u t i o n  o f  hydrocarbon type compounds for 
LC-GPC s u b f r a c t i o n s  
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F i g .  7 Relationship between molecular 
weight and elution volume f o r  
various type o f  compound 

Fig. 8 Comparison w i t h  molecular 
weight d i s t r ibu t ion  and 
GPC e lu t ion  curves 
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